spectroscopic evidence and sensitivities to inhibitors, the respiratory chain of aerobically grown P. denitrifcans has many features in common with its counterpart in the mammalian mitochondria. An accepted feature of the mitochondrial respiratory chain is that it is organized in four complexes, NADH : ubiquinone oxidoreductase (Complex I), succinate : ubiquinone oxidoreductase (Complex 11), ubiquinol : ferricytochrome c oxidoreductase (Complex 111) and ferrocytochrome c : 0, oxidoreductase (Complex IV) . The similarities between the respiratory chains of P. denitriJcans and mitochondria make it very probable that a similar organization is a feature of the bacterial system. Accordingly, Fig. 1 is drawn to show the mitochondrial type components of the P. denitrficans chain organized in this way, with ubiquinone envisaged to act as a homogeneous pool connecting the dehydrogenases with the cytochromes as in mitochondria (Kroger & Klingenberg, 1970) . This representation ( Fig. 1) differs from the usual schemes for electron transfer in P. denitrficans (e.g. John & Whatley, 1975 ; van Ferguson unpublished work). These findings mean that the point at which electrons branch off to cytochrome o occurs before the site of action of antimycin with complex 111, and therefore cytochrome c cannot be the electron donor to cytochrome 0.
Some schemes for electron transfer in P. denitrifcans (e.g. van Verseveld et al., 1981) imply that a common b-type cytochrome is the electron donor to both cytochrome o and cytochrome c. However, this is improbable, because the b-type cytochrome(s) involved in electron transfer to cytochrome c is located within complex 111 and its oxidation and reduction is tightly coupled to the operation of a Q-cycle mechanism within that complex (Trumpower, 1981; Crofts & Meinhardt, 1982) . It is difficult, therefore, to envisage that the same b-type cytochrome can also act as an electron donor to cytochrome 0. Complex I11 as a whole cannot be the electron donor to cytochrome o because electron flow to this cytochrome is, as already discussed, insensitive to antimycin, which, according to Q-cycle mechanisms, must block all steady-state electron flow from complex 111. Accordingly cytochrome o is shown in Fig. 1 as part of a separate complex for which the electron donor is suggested to be ubiquinone. An iron-sulphur protein is tentatively shown to be associated with this complex because low concentrations of 5-n-undecyl-6-hydroxy-4,7-dioxobenzo- (Trumpower, 198 1) . It is suggested, therefore, that 5-n-undecyl-6-hydroxy-4,7-dioxobenzothiazole inhibits the antimycin-insensitive electron flow to cytochrome o by similarly interacting with an iron-sulphur centre. Other redox centres that are yet to be identified may also be associated with the cytochrome o complex. Fig. 1 shows ubiquinone as a homogeneous pool, and therefore electrons from all dehydrogenases should have equal access to both pathways to 0,. If this the case there is the question of determining how the relative flow of electrons down the two pathways to 0, is controlled. At present there is little information about this point, but it is pertinent to note that, for an analogous situation in yeast mitochondria, de Troostenbergh & Nyns (1978) have shown that simple competition by the two oxidase pathways for the ubiquinone pool is operative. However. there is some evidence that the ubiquinone pool may not be homogeneous. For example, John (198 1) has pointed out that, in membrane vesicles from P. denifrijcans, NADH oxidase activity is considerably more sensitive to antimycin than succinate oxidase activity. The rate of antimycin-insensitive succinate oxidase activity is greater than the residual NADH oxidase activity that remains after full titration with antimycin (S. J. Ferguson, unpublished work). Thus the lack of inhibition by antimycin of succinate oxidase activity does not have the trivial explanation that a low rate of electron flow from succinate to 0, could be accommodated by the antimycin-insensitive pathway acting alone. Although this behaviour might suggest that ubiquinone does not act as a homogeneous pool. it is difficult to reconcile with the general view that ubiquinone has freedom of lateral movement within the fluid phase of the membrane. An alternative explanation can be based on the suggestion that electron transfer requires collisional interactions between complexes of the respiratory chain at a rate faster than the overall rate of electron transfer (Heron ef al., 1978) . If productive collisions between succinate dehydrogenase (complex 11) and cytochrome o were more frequent than those between succinate dehydrogenase and complex 111, and the reverse were true for complex I, then the relatively higher sensitivity to antimycin of the NADH oxidase activity would be accounted for.
An important aspect of the organization of a respiratory chain is the location of its components with respect to the inner (cytoplasmic) and outer (periplasmic) sides of the bacterial plasma membrane. There has been relatively little study of this aspect in P. denitrzficans, although there is evidence that cytochrome c is located at the periplasmic surface (Scholes et al., 197 1) . It is expected that the mitochondrial-type components will be arranged so that the distribution between cytoplasmic and periplasmic sides of the membrane will parallel the distribution between the matrix and cytoplasmic sides of the mitochondria1 inner membrane for their counterparts in mitochondria. The location of cytochrome o has not been directly studied. but measurements of electron-transport-linked proton translocation are consistent with the protons required for reduction of 0, being taken from the cytoplasm (Boogerd ef al.,
P. denitrijcans is one of a limited group of bacteria in which methanol can act as an electron donor directly to the electron-transfer chain. Electrons from methanol dehydrogenase, which uses a pyrrolo-quinoline quinone (Salisbury et al., 1979 ; Duine ef al., 1980) as cofactor, enter the chain at cytochrome c. Methanol dehydrogenase has been shown to be located at the periplasmic side of the plasma membrane . and 0, reduction by cytochrome aa, using electrons from methanol is thought to occur on the cytoplasmic side. Thus the flow of electrons from methanol to 0,, together with the release of H+ from methanol oxidation in the periplasm and H+ uptake for 0, reduction from the cytoplasm, generates a proton electrochemical gradient simply as a consequence of the spatial organization of the electron-transfer chain. This mechanism is supplemented by a direct proton-pumping activity of cytochrome aa, in cells grown on methanol (van Verseveld ef al., 1981).
The anaerobic denitrfying respiratory chain of P. denifrijcans
When grown anaerobically with nitrate as added electron acceptor, reductases for nitrate, nitrite and nitrous oxide are added to the respiratory chain (Fig. 1) . The sequential operation of these reductases therefore generates nitrogen from nitrate. Nitrate reductase is shown as an additional complex within the plane of the membrane. The placing of a specific b-type cytochrome in the complex is by analogy with the nitrate reductase system of Escherichia coli (e.g. Garland ef al., 1975: MacGregor & Christopher, 1978) and remains to be demonstrated for P. denitrijcans. It is improbable that the b-type cytochrome of complex 111 is involved in electron transfer to nitrate. The reasons for this include those outlined above as arguments excluding a role for the b-type cytochrome of complex 111 as the electron donor to cytochrome 0. Thus Fig. 1 differs from other schemes (e.g. John & Whatley, 1979, and from a recent suggestion by Whatley (1981) that nitrate reductase accepts electrons directly from the antimycin-sensitive Q-cycle that operates within complex 111. A scheme of this type is difficult to reconcile with the insensitivity to antimycin of electron flow to nitrate reductase . and seems to require an apparently concerted oxidation of a reduced form of cytochrome b by both ubiquinone and nitrate reductase.
There is evidence that the active site of nitrate reductase is on the cytoplasmic side of the membrane in P. denitrijcans . This would be consistent with the findings that both polypeptide chains, a and p, of the E . coli nitrate reductase are on the cytoplasmic side (Graham & Boxer, 1980) , provided that the reductase of P. denifrijcans, for which only the a-chain has yet been identified (Burke ef al., 1980) , has a similar structure.
Measurements of both the site of proton uptake for nitrite (Meijer et al., 1979) and nitrous oxide (Boogerd el al., 1981) , and of whether the corresponding two reductases are released from spheroplasts (Alefounder & Ferguson, 1980 ; P. R. Alefounder & S. J. Ferguson, unpublished work) have shown that these two enzymes are located on the periplasmic surface of the plasma membrane. These findings are consistent with cytochrome c being their immediate electron donor (Fig. 1) . As discussed elsewhere, a consequence of the relative positions of the active sites of nitrate and nitrite reductases is that nitrite produced by reduction of nitrate must be transported out of the cell before reduction (Alefounder & Ferguson, 1980) . A contrast to note between the denitrifying and aerobic electron-transfer chains is that the alternative pathways of electron flow are found to 0, but not to nitrate, nitrite or nitrous oxide. The two pathways to 0, provide for flexibility in the yield of ATP from oxidative phosphorylation, as the stoichiometry of proton translocation associated with electron flow to cytochrome o is lower than when cytochrome aa, is utilized (Willison & Haddock, 1981) . The yield of ATP associated with electron flow to each of nitrate, nitrite and nitrous oxide is approximately equivalent to that associated with the cytochrome o pathway to 0,. Particularly in the case of nitrous oxide it would be thermodynamically possible to obtain a greater yield of ATP as nitrous oxide is more oxidizing than 0,. However, the organization of the electron-transfer chain to nitrous oxide determines the stoichiometry of proton translocation, and thus the yield of ATP. An important feature of electron transfer to nitrous oxide is that electrons are effectively translocated from the primary dehydrogenases at the cytoplasmic side of the Vol. 10 membrane to the reductase at the periplasmic side. This means that measurement of the stoichiometry of proton translocation out of the cell does not exactly give a measure of the stoichiometry of ATP synthesis, because the outward movement of the electron has decreased the number of positive charges moved out of the cell per electron flowing by one (c.f.
Boogerd et al., 198 1 ) . Thus one less proton is available to move electrogenically through the ATP synthase. A similar consideration applies to electron flow to nitrite reductase.
A characteristic feature of the denitrifying electron-transfer chain is that the activity of nitrate reductase is inhibited by 0,. It has now been established that this effect is not directly exerted by molecular oxygen but is related to the oxidation state of a component of the electron-transfer chain that lies before the point at which pathways to nitrate and 0, diverge Kucera et al., 1981) . This component is probably ubiquinone (Fig. I ) , and, as discussed in detail elsewhere (Alefounder & Ferguson, In general, bacterial respiratory chains are rarely shown as comprising a number of complexes that could be built up in a modular fashion according to the nutritional and environmental demands on a particular bacterium. Here it is suggested that the general organization into complexes advocated for P. denitrificans will be widely applicable. The individual features of P. denitrifcans are also fairly widespread. aa,-Type oxidases (Ludwig, 1981) and alternative o-type oxidases (Jones et al., 1978) have been described in many bacteria.
Until recently, P. denitrifcans was the only bacterium in which a membrane-bound c,-type cytochrome had been firmly identified (John & Whatley, 1975) . The application of a new technique for identifying this type of cytochrome has now shown that c,-type cytochromes are widespread (Wood, 1980). Thus complex 111 is probably nearly always involved in catalysing electron flow to cytochrome c, especially in denitrifying organisms. Nitrite and nitrous oxide reduction are therefore expected to be strongly inhibited by low concentrations of antimycin. Oxidase activity can be less sensitive to inhibition by surface, which is the usual location of cytochrome c. There appears to be only one known exception to this: adenosine-5'-phosphosulphate reductase in a Thiocapsa species is thought to be associated with c-type cytochrome (Triiper & Rogers, 1971 ) and yet is a cytoplasmic enzyme. Further scrutiny of this system would be helpful in case the c-type cytochrome has fortuitously associated with the enzyme during purification.
